This report describes the path forward in creating Technology Development Roadmaps (TDRMs) and their associated Technology Readiness Levels (TRLs) and Test Plans, introduces two draft Next Generation Nuclear Plant (NGNP) TDRMs, and documents the methods used to create them. The NGNP draft roadmaps for the hydrogen production system and the intermediate heat exchanger (IHX) are used as examples to depict the results of the TDRM process and the benefits of the TDRMs to the NGNP project. This report outlines a breakdown of the physical systems, subsystems, and components (SSCs) associated with each major area of NGNP for the purpose of assessing their individual technology maturity. Several options exist for which technologies are selected to fulfill the functions (i.e., heat production, heat transfer, heat-intensive applications) of the NGNP. These options are represented by differing SSCs and are grouped into reference designs, as currently proposed by the nuclear vendor community. Each SSC associated with each reference design is evaluated, rated, and assigned a technology readiness level (TRL). A rollup of the TRLs allows for comparison of the various reference designs.
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NGNP -Creating Validated TRLs and TDRMs for
Critical Systems, Subsystems, and Components
PURPOSE
This report describes the path forward in creating Technology Development Roadmaps (TDRMs) and their associated Technology Readiness Levels (TRLs) and Test Plans, introduces two draft Next Generation Nuclear Plant (NGNP) TDRMs, and documents the methods used to create them. The NGNP draft roadmaps for the hydrogen production system and the intermediate heat exchanger (IHX) are used as examples to depict the results of the TDRM process and the benefits of the TDRMs to the NGNP project.
BACKGROUND
The TRL rating process is an assessment tool, originating with NASA and U.S. Department of Defense (DOD) [1] , to evaluate the deployment readiness of a technology and its readiness to function in an integrated environment. The NGNP is using TRLs as the assessment tool with a tailored scale of 1 to 10, compared to the standard 1 to 9 scale used by NASA and DOD. The additional rating allows the NGNP to assess readiness for full commercialization following the construction and successful operation of the NGNP.
Technology roadmaps for each NGNP System, Subsystem (Structure), and Component (SSC) are being developed to:
• Set the vision for and drive the needed actions to down select technologies and designs
• Ensure technology readiness is demonstrated through testing, modeling, piloting, and prototyping • Develop the test plans required to provide demonstrable evidence of the technology maturation required for codification and qualification.
In the NGNP application, TDRMs provide the framework and structure required to systematically perform decision analysis, reduce risk, and mature technologies in a cost effective and timely manner. The process includes Structure Identification, Technology Readiness Assessment, Technology Selection, Technology Maturation, and Test Plan Development.
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PLANT, AREA, SYSTEM, SUBSYSTEM, COMPONENT
PASSC DEFINITIONS
The NGNP is comprised of five areas. The five NGNP areas are Nuclear Heat Supply, Heat Transport, Hydrogen Production, Power Conversion, and Balance of Plant. Each area is further broken down into systems, which are comprised of subsystems, which are further comprised of components. This breakdown, as shown in Figure 1 , makes up the Plant, Area, System, Subsystem, and Component (PASSC) hierarchy for NGNP. Given the five areas for the NGNP, vendors were asked to identify their recommended SSCs for each area of the Plant. The vendors (i.e., Westinghouse, AREVA, and General Atomics [GA]) recommended SSCs required to perform the desired functions and meet the requirements specified by the project.
Area
To document the vendors' recommended SSCs, systems engineers developed an overarching architecture of SSCs for each reference design. The architecture contains 410 SSCs, and it is anticipated that this number will continue to increase as the NGNP project progresses. 
Critical SSC Selection
Using their individual reference designs, the vendors selected critical SSCs to be evaluated for road mapping. Critical SSCs, at a minimum, are defined as those components that are not commercially available or do not have proven industry experience. 
TECHNOLOGY READINESS LEVELS FOR EACH REFERENCE DESIGN
This section of the report summarizes the use of TRLs within the NGNP Project. The TRL process is a systems engineering tool used to assess the maturity of technologies and to assist in decision-making. The NGNP Technology Readiness Levels Plan (September 2008) [2] addresses the approach of how TRLs are scaled and integrated for the PASSC structure used for the NGNP project.
The TRLs are associated with the entire NGNP or the applicable PASSC and are an input to inform NGNP project decision makers of the readiness of a particular technology or component. For TRLs 1-5, assessment typically occurs on an individual technology or component with a calculated roll up TRL for the associated islands, systems, and subsystems. During TRLs 5-10, integrated testing occurs, allowing for TRL assessments directly against subsystems and systems. TRLs are shown in Figure 2 . The three vendors are assigned to provide TRL ratings for all of the SSCs associated with their reference design. The reference design is associated with the Preconceptual Design Reports [2, 4, 5] presented as the basis of the NGNP.
SSC Ratings
Each vendor is submitting their critical SSCs with a TRL score or rating according to the definitions provided to them.
An example of how a vendor will rate an SSC is as follows:
• Determine and identify an SSC that is critical to NGNP
• Evaluate the maturity of the SSC
• Assign a TRL rating according to definition provided
• Provide evidence to justify the TRL rating.
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5 TRL ratings will be rolled up according to the level of SSC it is associated with. The three methods for roll up, minimum, maximum, and average are shown in Figure 3 . In the "Min TRL" method, the subsystem will be assigned the TRL rating of the lowest component. Likewise, a system will be assigned the TRL rating of the lowest subsystem. The other two alternatives are the "Avg TRL" rating and the "Max TRL" rating. The former represents the mathematical average of TRLs for an Area, with roll up averages from subsystems and components. The latter is presented to show the highest TRL rating give for any of the SSCs within an Area. Currently only the minimum TRL rating is deployed. In this method, a system or subsystem will never receive a rating higher than its lowest subsystem or component rating. The set of TRL ratings is specific to the vendor reference design at a given set of operating conditions and associated requirements. For example, the initial TRL ratings provided by the vendors are against the requirements associated with a reactor outlet temperature of 950°C and 7 to 9 MPa pressure. Due to the lack of codified material at these conditions, this set of TRL ratings is lower than the TRL ratings at an operating temperature and pressure of 800°C and 5 MPa. Hence, a requirement set will accompany each set of TRL ratings.
TRL Evidence
Each vendor will use a TRL calculator, a tool developed to assist vendors in assigning TRL ratings, to populate the associated TRL rating sheet. The rating sheets contain the evidentiary data to justify the TRL rating being assigned by the vendor.
Evidence can include previous experiments documented in journal reports or previous industrial applications; or other verifiable sources, such as documented work performed at national laboratories, industry laboratories, or university laboratories. All of the evidence, including the associated TRL rating, will be verified for completeness. The verification is to be performed by NGNP team members and will determine if the evidence is adequate for justifying the TRL rating.
Validated TRL Baseline
Through a structured and proven approach, each of the TRLs applied to critical SSCs will be validated. The TRL validation process defines an independent board of SMEs that will review each of the TRL rating, the TRL rating sheets, and TRL evidence received for each critical SSC identified by the vendors.
The completed TRL rating sheets will be verified and validated (V&V) by an independent review board. The purpose of the V&V Board is to provide the NGNP project with validated TRLs that will:
• Provide a common basis to compare the relative maturity of technologies
• Establish the baseline set of the critical SSCs that require TRL assessment
• Establish the current state of proposed technologies that are used as the starting point for
TRLs
• Provide a consistent measure of readiness levels and confidence in the levels as inputs to quantifying performance, cost, and schedule risks.
The independent review board will assemble and review each of the vendors' critical SSCs. The board will use their expertise and knowledge to determine validity of the evidence. After the review of evidence and the TRL ratings, the board will accept or reject the TRL ratings. Accepted TRL ratings become the validated TRL baseline for that reference design.
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PATH FORWARD TO MATURE NEEDED TECHNOLOGY
Once the validated TRL baseline is developed, a path forward for maturing these technologies and advancing the TRLs is needed. This path forward is defined by the roadmapping process. The TDRM focuses the research and development (R&D) efforts and engineering studies on the known risks to advancing the technology. The roadmapping process provides the following benefits to the NGNP project:
• Identifies precise project objectives and helps focus resources on critical technologies that are needed to meet those objectives • Creates a consensus vision of R&D needs based on capabilities needed now and in the future
• Communicates capability-based technical needs among product/user organizations and the R&D community • Provides early identification of high-risk items and allows early focused attention to define appropriate risk mitigation.
• Supports engineering and R&D priorities and schedule development, and assignment of resources.
The roadmaps drive the needed actions to down-select technologies and designs; demonstrate technologies and design readiness through testing, modeling, piloting, and prototyping; and develop the test plans required to demonstrate and provide evidence of technology maturation.
Initial TDRMs for Critical SSCs
The individual vendors are currently providing the NGNP project with TDRMs for each of the critical SSCs, as shown on the left of Figure 6 . The total number of TDRMs that the individual vendors are planning on submitting is also shown. 
TRL Rating Sheets
The TRL rating sheets, as described in Section 4, are a part of the TDRM documentation package. 
Test Plans
Conceptual level test plans are being written for all the NGNP critical SSCs to advance the technology from its current level of readiness to a level required to support conceptual, preliminary, and final design. These test plans are SSC-specific and identify the current SSC TRLs and all research, modeling, and scaled testing required to achieve a TRL of 8. The following information is included in the test plans:
• Test objective
• Cost, schedule, and risk.
Consolidated NGNP TDRMs for Critical SSCs
NGNP will review and comment on the TDRMs as they are received from each of the vendors to help improve the quality and content of each TDRM. NGNP will consolidate the TDRMs for the critical SSCs (as shown in Figure 6 ). Two of these NGNP TDRMs are nearing completion and are included in draft form in Appendix B. Each of the roadmaps has the following features:
• The candidate technologies are shown on the left of the graphic. If shown, the down select process is also displayed on the left with the discriminating criteria and decision points.
• The center of the roadmap shows the tasks necessary to mature the technology toward commercial use.
• The tasks shown in dark blue are performance tests, which will have corresponding test plans.
• The lower portion of the roadmap shows the progression through the TRLs.
• Below each TRL marker is a list of performance criteria that have to be met to achieve the specified TRL.
• The tasks and TRLs are laid out according to the time line at the top of the roadmap.
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• Near the top of the roadmap, risk reduction can be shown as a series of shaded red bars with text explaining the risk, which is mitigated over time.
TDRM Enhancements with R&D and Vendors
As the NGNP TDRMs are completed, they will undergo review by NGNP R&D and each of the vendors for technical feasibility, as shown in Figure 5 . This process will further improve the quality and content of the TDRMs and prepare them for validation.
Validated TDRMs
The completed NGNP TDRMs will be verified and validated by an independent review board. The purpose of the V&V Board is to provide the NGNP project with validated TDRMs that will:
• Set the vision for and drive the needed actions to down-select technologies and designs
• Support risk-based decision making
• Establish the baseline set of the critical SSCs that require technology development
• Reduce the risk early in the project and thereby minimize cost overruns and schedule delays
• Identify risk-reducing tasks that can be accomplished early to support risk-informed decision making and technology down-selection.
• Alleviate the need for large-scale testing at each readiness level by identifying alternatives to physical testing, where appropriate • Establish a uniform set of actions needed to achieve increases in technology readiness, which will be used to guide preparation of the NGNP TDRM • Provide a consistent measure of readiness levels and confidence in the levels as inputs to quantifying performance, cost, and schedule risks.
CONCLUSION
The set of validated TDRMs along with their associated documentation will represent the path forward for the NGNP project to complete their mission to develop and demonstrate design, performance, operational, licensing, and economic viability of high-temperature gas reactor and leading process heat technologies.
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Appendix A 1.9.6.5 He-to-Water Heat Exchanger 1.9.6.5 1.9.6.5 He-to-Water Heat Exchanger 1.9.6.5
Consolidation of All SSCs from the Vendors
1.9.6.6 Water Separator 1.9.6.6 1.9.6.6 Water Separator 1.9.6.6
1.9.6.7 Molecular Sieve 1.9.6.7 1.9.6.7 Molecular Sieve 1.9.6.7
1.9.6.8 Low Temperature Absorber 1.9.6.8 1.9.6.8 Low Temperature Absorber 1.9.6.8
1.9.6.9 Blower 1.9.6.9 1.9.6.9 Blower 1.9.6.9
1.9. 
